Background: Argatroban is a direct thrombin inhibitor approved for the prophylaxis or treatment of thrombosis in patients with heparininduced thrombocytopenia (HIT). The product monograph does not guide clinicians beyond specifying the initial dose of 2 µg/kg per minute (or 0.5 µg/kg per minute for patients with hepatic impairment). Some authors have suggested that in the intensive care unit (ICU) and for patients with acute cardiac disease and those with renal or hepatic dysfunction, this dose may result in a supratherapeutic activated partial thromboplastin time (aPTT).
INTRODUCTION
H eparin-induced thrombocytopenia (HIT) may occur in up to 5% of patients treated with unfractionated heparin and 1% of those treated with low-molecular-weight heparin. 1 HIT may be suspected in a patient with an unexplained decline in platelet count of 50% or more from baseline and/or a thrombotic event occurring 5 to 14 days after initiation of heparin. 1 Although HIT may not develop until several days after initiation of heparin therapy, it may occur within 24 h in patients who have been exposed to heparin within the previous 90 days. [1] [2] [3] Furthermore, between 13% and 15% of all HIT cases present 9 to 40 days after discontinuation of heparin. 3 HIT predisposes patients to venous and arterial thrombosis and is associated with a mortality rate of 10% to 30%. 1, 4 This condition may be treated with a direct thrombin inhibitor, such as argatroban. Argatroban has been available in Canada since 2002 and has been the primary agent used in the former Calgary Health Region (now part of Alberta Health Services) for the prophylaxis and treatment of HIT.
The efficacy and safety of argatroban in HIT and in HIT with thrombosis was demonstrated in 2 prospective, nonrandomized, multicentre studies. 4, 5 In those studies, thrombocytopenia was defined as a platelet count less than 100 × 10 9 /L or a 50% decline from baseline, excluding all other causes. A positive HIT assay was not required for enrolment in either study. The 2 analyses included a total of 349 patients with HIT and 373 patients with HIT with thrombosis who were treated with argatroban; data for these patients were compared with historical controls. The overall mean dose for the 2 studies was 1.9 µg/kg per minute for a duration of 5 to 7 days. The increment for titrating argatroban was based on the clinical decision of the investigators. The primary composite end point of all-cause death, all-cause amputation, or new thrombosis was significantly lower for patients with isolated HIT than for controls (relative risk reduction 28% to 34%); however, the difference between drug treatment and control did not reach statistical significance in the HIT with thrombosis arm in either study. 6 The incidence of new thrombosis was significantly lower among argatroban-treated patients than among historical controls, which led to a relative risk reduction of 44.3% to 74.8%. 6 However, the end points of death and amputation did not differ significantly between argatroban-treated patients and historical controls. 4, 5 Furthermore, major bleeding rates did not differ between these 2 groups.
On the basis of these 2 studies, the manufacturer recommends initiating argatroban at 2 µg/kg per minute for patients with normal hepatic function and 0.5 µg/kg per minute for patients with chronic hepatic impairment (ChildPugh score > 6). 7 The current product monograph does not include guidelines on dosage titration. 7 Several reports have suggested that the initial dose recommended in the product monograph is too high. For example, recent literature suggests that an activated partial thromboplastin time (aPTT) of 1.5 to 3 times control can be reached with doses of 1 µg/kg per minute or less in patients without hepatic dysfunction and at doses of less than 0.5 µg/kg per minute in patients who do have hepatic dysfunction. [8] [9] [10] [11] [12] [13] [14] Furthermore, for patients with acute cardiac disease and those in the intensive care unit (ICU), a dose of 2 µg/kg per minute may lead to a supratherapeutic aPTT if liver function is normal, which could potentially increase the risk of hemorrhagic complications. 12, 13, [15] [16] [17] [18] Others have found the need for dose modifications in patients with renal impairment, 14, [19] [20] [21] [22] which contradicts the manufacturer's information.
In this study, a retrospective examination of patients' charts was conducted to evaluate the efficacy and safety of argatroban dosing in adult patients with suspected HIT in a large teaching hospital.
METHODS
Pharmacy medication records were used to identify adults who had received argatroban for at least 24 h for suspected HIT with or without thrombosis between October 1, 2005, and October 1, 2007, at the Foothills Medical Centre in Calgary, Alberta. Patients were excluded if they were younger than 18 years of age or were pregnant. The study was approved by the Medical Bioethics Department, Faculty of Medicine, University of Calgary.
A patient was considered critically ill if he or she had been admitted to the ICU. Patients with acute cardiac disease were those who had been admitted to the coronary care unit or to the cardiovascular ICU. Chronic hepatic dysfunction was determined from documentation in either the paper or the electronic chart. The Child-Pugh score was calculated if all required variables were available (international normalized ratio [INR] , total bilirubin, albumin, ascites, and encephalopathy). Acute hepatic dysfunction was defined as total bilirubin above 25.5 µmol/L, aspartate aminotransferase (AST) above 100 U/L, or alanine aminotransferase (ALT) above 100 U/L at the time of initiation of argatroban, with no previous history of hepatic dysfunction. 22 Renal dysfunction was determined on the basis of documentation in the paper or electronic chart and/or creatinine clearance (CrCl) less than 60 mL/min according to the Cockroft-Gault equation 23 or, for patients with body mass index (BMI) above 30 kg/m 2 , the SalazarCorcoran equation. 24 Major bleeding was defined as retroperitoneal or intracranial bleeding, bleeding into a prosthetic joint, decrease in hemoglobin of 20 g/L or more, and/or clinically evident bleeding requiring transfusion of 2 units or more of packed red blood cells. 4, 5 All other bleeding was considered minor.
The primary objective was to determine the initial dosage of argatroban and any incremental dosage adjustments and to review the dosing of argatroban for patients with hepatic and renal dysfunction, for critically ill patients, and for patients with acute cardiac disease. The dosing nomogram used in the former Calgary Health Region (see Appendix 1) was derived from the "Argatroban 911" study. 25 The safety of therapy was described in terms of the number of supratherapeutic aPTT results documented during therapy and the occurrence of major or minor bleeding.
Data Collection
The following demographic and baseline laboratory data were collected for each patient: age, sex, weight, height, serum creatinine, results of liver function tests (ALT, AST, ␥-glutamyl transferase, alkaline phosphatase, total bilirubin, INR, aPTT, and albumin), platelet count, presence of ascites, encephalopathy, previous diagnosis of HIT, and results of HIT antibody testing (with PF4 Enhanced enzyme-linked immunosorbent assay [ELISA], GTI Diagnostics, Waukesha, Wisconsin).
The following argatroban-related data were also collected: initial dose (µg/kg per minute), dose range, number of dose increases and decreases, and mean dosage. Additional clinical information was collected as follows: time to therapeutic aPTT, average daily aPTT while receiving argatroban, any new thrombosis while receiving argatroban, progression of thrombosis or limb amputation during therapy, supratherapeutic aPTT during therapy, occurrence of minor or major bleeding, and death during hospital stay.
Statistical Analysis
Estimates for the primary and secondary objectives are given as means with corresponding standard deviations or medians with corresponding interquartile ranges as appropriate. Overall and patient-specific mean doses were weighted by the duration of each patient's therapy. Incremental adjustment was defined as the absolute difference between 2 consecutive doses for a given patient. The number of adjustments per day was simply a count of the number of adjustments divided by the duration of therapy.
RESULTS
We identified 45 patients who received argatroban during the study period. Fifteen patients were excluded: for 1 patient, there was no documentation of argatroban therapy, 7 patients had received argatroban therapy for less than 24 h, and for 7 patients the medical records could not be obtained. Therefore, 30 patients were included in the final analysis (Table 1) .
Of the 30 patients, 21 (70%) had an initial argatroban dosage of 2 µg/kg per minute, and 4 (13%) had an initial dosage of 0.5 µg/kg per minute. The remaining 5 patients had an initial dosage of 1 or 5 µg/kg per minute. For 7 (23%) of the patients, there were no dose adjustments. For 23 (77%) of the patients, at least one dose adjustment was made during therapy (Table 2) . A total of 74 dose increases and 48 dose decreases were documented, with adjustments ranging from 0.1 to 2.5 µg/kg per minute (see Figure 1) . Among all patients, the most common adjustment was 0.5 µg/kg per minute. Adjustments of 0.1 and 0.2 µg/kg per minute were more frequently 
59.5 (33.8-105) Child-Pugh score 8 (6.75-9.5) ALT = alanine aminotransferase, AST = aspartate aminotransferase, BMI = body mass index, CrCl = creatinine clearance, ELISA = enzyme-linked immunosorbent assay, HIT = heparin-induced thrombocytopenia, INR = international normalized ratio, IQR = interquartile range, SD = standard deviation. *For 3 patients, INR was not documented at the time of initiation of argatroban. †Four patients had positive test results with PF4 Enhanced ELISA (GTI Diagnostics, Waukesha, Wisconsin). Four other patients had equivocal results with ELISA, so samples were sent to McMaster University for in-house serotonin release assay. ‡One patient with a history of HIT (9 days previously) had a positive result with ELISA. Two patients with a history of HIT inadvertently received heparin, but neither experienced new thrombosis. §Includes 1 patient with a history of HIT who experienced thrombosis after 24 h administration of unfractionated heparin; this patient was never tested for HIT. ¶Includes patients with chronic liver impairment and acute changes in liver function. used for patients with hepatic dysfunction. The mean dose was 2.14 ± 1.13 µg/kg per minute, and the median duration of therapy was 6 days (range 2-65 days).
Twenty-three (77%) of the patients achieved adequate anticoagulation, with a mean aPTT of 59.6 s (range 35.5-84.6 s). The median time to reach therapeutic aPTT was 4 h (range 2-16.5 h). Achievement of therapeutic anticoagulation was difficult to determine for 5 patients, as the aPTT at initiation of argatroban was greater than 50 s (mean 56.9 s, range 52.9-59.7 s). One patient never achieved therapeutic aPTT, and another did not undergo aPTT monitoring during therapy. Dosing information, stratified by the patients' medical conditions, is reported in Table 3 .
One critically ill patient did not fit the inclusion criteria for any other patient group (i.e., no hepatic or renal dysfunction and no acute cardiac disease). This patient tested positive for HIT, received an initial argatroban dose of 2 µg/kg per minute, and was treated for 9 days. Eight dose adjustments were made (4 increases, 4 decreases), and the mean dose was 1.07 µg/kg per minute. Another patient who had undergone cardiovascular surgery did not fit the inclusion criteria for any other patient group. This patient received argatroban 2 µg/kg per minute and was treated for 20 days, despite a negative result on HIT testing. Ten dose adjustments were made (4 increases, 6 decreases), and the mean dose was 1.97 µg/kg per minute.
The median dose of argatroban required for patients with either acute or chronic hepatic dysfunction was 1 µg/kg per minute. Only 2 patients with hepatic impairment did not fit the inclusion criteria for any other patient group. Both of these patients had documented chronic hepatic impairment (Child-Pugh scores of 7 and 9, respectively). The initial doses of argatroban were 1 and 2 µg/kg per minute, and the patients were treated for 6 and 22 days, respectively. The patient with the lower starting dose tested negative for HIT, and the patient with the higher starting dose tested positive for HIT. For the patient with the lower starting dose, 5 adjustments were made (4 increases, 1 decrease), and the mean dose was 3.89 µg/kg per minute. For the patient with the higher starting dose, 7 adjustments were made (6 increases, 1 decrease), and the mean dose was 1 µg/kg per minute.
Of the 15 patients with renal dysfunction, 9 had creatinine clearance (CrCl) between 30 and 60 mL/min, 3 had CrCl below 30 mL/min, and 3 were undergoing hemodialysis. All 3 of the patients undergoing hemodialysis had an initial argatroban dose of 2 µg/kg per minute. For one of these patients, a dosage increase was applied that resulted in a mean dose of 2.41 µg/kg per minute. Four of the 15 patients with renal dysfunction did not fit the inclusion criteria for any other patient group. Of these 4 patients, 2 had CrCl between 30 and 60 mL/min, 1 had CrCl less than 30 mL/min, and 1 was undergoing hemodialysis. All 4 of these patients had an initial argatroban dose of 2 µg/kg per minute. One of the patients with CrCl between 30 and 60 mL/min tested positive for HIT, and the other 3 patients tested negative. The patient who was undergoing hemodialysis had an initial argatroban dose of 2 µg/kg per minute and was treated for 5 days with no dose adjustments. The other 3 patients received the drug for 3 to 7 days and required a total of 4 dose adjustments (3 increases, 1 decrease); the mean dose for individual patients ranged from 2 to 2.25 µg/kg per minute.
During argatroban therapy, 6 patients experienced elevation of the aPTT (above 100 s). The mean supratherapeutic aPTT was 129.7 s (range 100.5-166.4 s). Three of these patients were critically ill, and 1 patient had undergone cardiovascular surgery. Three of the patients had received an initial dose of 2 µg/kg per minute; another patient had had a dose increase to 5 µg/kg per minute. The other 2 patients were not critically ill, did not have renal or hepatic impairment, and had not been admitted to the coronary care unit or the cardiovascular ICU. For both of these patients, the initial dose was 2 µg/kg per minute, and the aPTT reached 120.7 and 135 s, respectively. No cases of major bleeding occurred during argatroban therapy.
No cases of new thrombosis or limb amputation occurred during argatroban therapy. One patient experienced progression of deep vein thrombosis to pulmonary embolism, with a therapeutic aPTT during argatroban therapy (56.7 s, baseline 24.4 s). Another patient, who had been admitted with non-ST elevated myocardial infarction, died while in hospital. This patient had been treated with argatroban for suspected HIT for 7 days but tested negative for HIT. The argatroban was discontinued, and the patient died 8 days later of cardiac complications.
DISCUSSION
For the prophylaxis or treatment of thrombosis in HIT, the recommended initial dose of argatroban is 2 µg/kg per minute, unless patients have moderate hepatic impairment (Child-Pugh score > 6 or total serum bilirubin > 25.5 µmol/L), in which case the recommended initial dose is reduced to 0.5 µg/kg per minute. 1, 7, 22 The literature suggests that a lower dose may be required for patients who have undergone cardiac surgery and for those with multiple organ system failure, heart failure, severe anasarca, or conditions associated with hepatic congestion. 1, 26, 27 The most common causes of hepatic congestion are volume overload and any cause of right-sided heart failure (constrictive pericarditis, mitral stenosis, tricuspid regurgitation, cor pulmonale, or cardiomyopathy). 26, 28 Recent reports of argatroban use for a variety of clinical indications and in various clinical settings have reported lower doses (0.5-1.2 µg/kg per minute) to achieve target aPTT. 1 The evidence suggests that critically ill patients may require lower doses of argatroban. Small studies and case series of 4 to 65 patients have reported maintenance doses of 0.125 to 0.91 µg/kg per minute. 17, 18, 20, 29 Conversely, initial infusions of 1.5 to 2 µg/kg per minute in these patients have resulted in supratherapeutic aPTTs and bleeding. 17, 18 One group of authors suggested that passive hepatic congestion, accumulation of metabolites, and/or interactions with multiple medications used in the ICU may justify lower dose requirements. 20 In a retrospective study of 65 ICU patients, 29 it was noted that significantly lower doses were required to achieve therapeutic aPTT as the number of failed organ systems increased from 1 (n = 26; 1.1 µg/kg per minute) to 2 (n = 26; 0.87 µg/kg per minute) to 3 (n = 13; 0.58 µg/kg per minute) (p = 0.008). Liver failure was present in 3.1% of the patients in that study. 29 In the study reported here, critically ill patients had initial doses of 0.5 to 5 µg/kg per minute and required the greatest number of dosage reductions, relative to patients with hepatic or renal dysfunction or acute cardiac disease. These results are consistent with reports of lower dosing of argatroban for critically ill patients.
Because of reduced cardiac output during cardiovascular surgery, cardiac, liver, or kidney function may be transiently impaired for a limited period of time after the procedure. 16, 30 Decreased hepatic perfusion secondary to hypotension from hypovolemia or lowered systemic vascular resistance after surgery is another proposed mechanism. 16 The potential for reduction in cardiac output and drug elimination is higher after more complex procedures, such as replacement of a cardiac valve. 30 Hoffmann and others 12 reported a median argatroban dose of 0.6 µg/kg per minute (range 0.05-3 µg/kg per minute) in 39 patients after coronary artery bypass grafting. The median ALT was 32.3 U/L (range 4-11 450 U/L), and median total bilirubin was 18.2 µmol/L (range 5.1-136.8 µmol/L). Therapeutic aPTT (45-90 s) generally occurred within 15.6 h in 85% of the patients. Overall, 7 of the patients died, but none had a thromboembolic event within a median follow-up period of 10 days; clinically significant bleeding occurred in 4 patients. In a case series of 4 patients with normal liver function tests, initial infusions of 1 or 2 µg/kg per minute after cardiac surgery resulted in supratherapeutic aPTT (exceeding 100 s). 16 After cardiopulmonary bypass surgery, initial infusions of 0.8 to 1 µg/kg per minute provided rapid and effective anticoagulation without overshooting aPTT; however, lower mean doses (0.3-0.4 µg/kg per minute) were eventually required. 15 In patients requiring renal replacement therapy after cardiac surgery, mean infusion rates of 0.06 to 0.12 µg/kg per minute have been used to achieve aPTT of 50 to 80 s. 31 In the study reported here, lower doses were not used for any of the patients with acute cardiac disease.
A pharmacokinetic study of argatroban in 5 patients with hepatic dysfunction (Child-Pugh score > 6) suggested a 3-fold increase in half-life and a 4-fold decrease in clearance, relative to healthy controls. 32 In an analysis of 16 patients with total bilirubin above 25.5 µmol/L, the mean dose was 0.8 µg/kg per minute. 22 One centre's experience with argatroban revealed a lower maintenance dose (0.25 µg/kg per minute, range 0.05-0.5 µg/kg per minute) in 4 patients with hepatic dysfunction.
14 Serum bilirubin above 25.5 µmol/L is suggested to be more predictive of decreased argatroban clearance than elevation of either ALT or AST. 22 In the study reported here, 86% (6/7) of the patients with liver dysfunction received a starting dose of 0.5 or 1 µg/kg per minute, and no patients required a mean dose less than 0.5 µg/kg per minute. There was no difference between chronic and acute hepatic dysfunction in terms of dose requirements.
Argatroban has been studied in renal dysfunction; however, the effect of renal insufficiency on dosing remains unclear. Guzzi and others 33 reviewed the effect of renal function on argatroban therapy in 260 patients with no hepatic impairment. Their classification consisted of normal or mild impairment of renal function (ClCr > 60 mL/min; n = 144), moderate impairment (CrCl 30-60 mL/min; n = 80), and severe impairment (CrCl < 30 mL/min; n = 36). Among these 3 groups, there were no significant differences in argatroban dose during therapy (mean 1.9 ± 1.1 µg/kg per minute), duration of therapy (7 ± 6 days), aPTT (63 ± 17 s), or incidence of major bleeding. A recent review of argatroban in 644 patients with differing degrees of renal function noted that for each 30 mL/min decrease in CrCl, the therapeutic dose decreased by about 0.1 to 0.6 µg/kg per minute. 34 Several reports, each describing a small number of patients, have reported the use of argatroban in patients requiring renal replacement therapy. [16] [17] [18] [19] 21, 26, 31, [35] [36] [37] [38] [39] [40] [41] [42] Dialytic clearance of argatroban with high-flux membranes has been suggested to be clinically insignificant, with systemic clearance increased by about 20%. 36, 37 Many authors have reported using doses less than 0.5 µg/kg per minute to achieve aPTT of 40-80 s, but some of the patients were critically ill, with acute changes in liver function or recent cardiovascular surgery, or they may have had volume overload, with subsequent hepatic congestion. These conflicting reports create confusion for clinicians who are attempting to initiate argatroban in patients with renal impairment. In the study reported here, renal dysfunction (including hemodialysis) did not appear to affect dosage, as the mean dose used during therapy was 2.01 µg/kg per minute.
This study was limited by its retrospective design, the small sample size, and potential confounding factors. One of the most important limitations of a chart review is incomplete or inaccurate documentation of pertinent information. For example, the adjustments to argatroban dose were based on the patient's weight as entered by the nurse into the Guardian intravenous pump (Baxter Canada); however, this value may have been slightly different from the weight used at the time argatroban was initiated (i.e., the weight may have been rounded up or down or the patient's weight may have changed in the interim). This discrepancy may explain the slight variation between adjustments reported in patients' charts and those specified in the argatroban nomogram used by the former Calgary Health Region.
Conclusions
The results of this retrospective analysis, in conjunction with the literature, suggest that 2 µg/kg per minute is an appropriate argatroban dose for patients without hepatic impairment or congestion. In acute and chronic hepatic dysfunction, a dose of 0.5 µg/kg per minute is acceptable. A review of the evidence suggests that critically ill patients and patients with acute cardiac disease may be started on a lower dose (0.5-1 µg/kg per minute), depending on the clinical scenario. In this study, there were no patients with renal impairment who required a reduction in dose, although evidence from other studies suggests that dose reductions may be needed. Clinical judgement plays a vital role in determining the initial dosing of argatroban. Depending on the aPTT result, an adjustment of 0.5 to 1 µg/kg per minute is appropriate for most patients. For patients with reduced drug clearance, an adjustment of 0.1 or 0.2 µg/kg per minute may be more appropriate.
